In this paper, we present new spectropolarimetric observations of the planethosting star τ Bootis, using ESPaDOnS and Narval spectropolarimeters at CanadaFrance-Hawaii Telescope (CFHT) and Telescope Bernard Lyot (TBL), respectively.
INTRODUCTION
Hot Jupiters (hereafter HJ) are giant planets orbiting their stars with very short orbital period (less than 10 days), hav-are apparently phase shifted with orbital conjunctions (Shkolnik et al. 2005) ; they are also reported to exhibit longer term fluctuations, suggesting an intermittent ('onoff') nature of SPI .
Two types of interactions were proposed to qualitatively explain the observations: magnetic and tidal interactions (Cuntz et al. 2000) . Magnetic SPI can induce reconnection events between the magnetic field lines of the star and those of the planet; the result is a modulation of the stellar activity with the orbital period. Tidal interactions result in two tidal bulges on the star, and thus, enhanced activity will be modulated by half the orbital period. Potential phase lags (between the orbital conjunction and the epochs of activity variability enhancement) may result from the tilt of the magnetic axis relative to the rotational one (McIvor et al. 2006) ; other scenarios of interaction may also explain this, as adopting the Alfvén wing model (Preusse et al. 2006) or considering a non-potential magnetic field configuration for the closed corona of the star (Lanza 2008 ). Simulations of Ca II H & K light curves of a HJ hosting star also show that the interactions depend on the configuration of the magnetic field which the planet crosses, and thus, disappearance of the SPI may be explained by a change of the stellar magnetic field (Cranmer & Saar 2007) .
The magnetic field of the star is therefore expected to play a key role in these interactions, either by triggering them directly (magnetic interactions), or by tracing them indirectly (tidal interactions influencing the generation of the magnetic field, e.g., by enhancing the shear at the base of the convective envelope). Studying the global magnetic field of HJ hosting stars thus appears as a promising tool to investigate quantitatively these SPIs.
With a massive HJ orbiting in 3.31 d at 0.049 AU (Butler et al. 1997; Leigh et al. 2003) , the F7 star τ Boo is a good candidate for our study. It has a shallow outer convective envelope of about 0.5 M , while the mass of the planet is about 6 M . This star has moderate intrinsic activity (Shkolnik et al. 2005 , suggesting that it may be a good candidate for detecting any planet-induced activity signatures (of presumably very low amplitude). τ Boo has a weak magnetic field of few Gauss Donati et al. 2008) , that switched its polarity in a year, what makes the study of the magnetic field of this star interesting.
We present in this paper a new multi-epoch spectropolarimetric study of τ Bootis. The modeling of the large-scale magnetic field of the star, of its differential rotation and its activity is presented in Sections 3, 4 & 5. We draw some conclusions in section 6.
OBSERVATIONS
Spectropolarimetric data of τ Bootis were collected using ESPaDOnS and Narval. ESPaDOnS is a high resolution spectropolarimeter installed at the 3.6 meter CanadaFrance-Hawaii Telescope (CFHT) in Hawaii. Narval is a twin instrument, installed at the 2 meter telescope Bernard Lyot (TBL) in France. The spectra obtained using both instruments span the whole optical domain (370 nm to 1048 nm), having a resolution of about 65000. Each spectrum consists of four subexposures taken in different configurations of the polarimeter waveplates, in order to perform a full circular polarization analysis. Data were reduced using a fully automatic reduction tool Libre-Esprit, installed at the CFHT and the TBL. It extracts unpolarized (Stokes I) and circular polarized (Stokes V) spectra of the stellar light. A null spectrum (labeled N) is also produced to confirm that the detected polarization is real and not due to spurious instrumental or reduction effects (Donati et al. 1997) .
We collected 67 spectra, on three separate runs in 2008. The first run was on ESPaDOnS from January 19 to January 29, 40 spectra were collected, having good S/N ratio (1404/2160 around 700 nm) and permitting a good coverage of the rotation cycle of the star. The two other runs were on Narval, on June (21 -28) and July (10 -24). The Stokes V signatures that were detected in June 2008 are small (see Fig. 2 ), the S/N ratios around 700 nm vary from 858 to 2118, and from 898 to 1901 for the 19 collected spectra in July 2008 (bad weather condition for 23 July 2008). The complete log is given in Table 1 for the ESPaDOnS run, and in Table 2 for the Narval runs.
All data are phased with the same orbital ephemeris as that of Catala et al. (2007) and Donati et al. (2008) : 453, 450.984 + 3.31245E ( 1) with phase 0.0 indicating the first conjunction (i.e. with the planet farthest from the observer). The Zeeman signatures of τ Boo are extremely small. We use Least Squares Deconvolution (LSD) to improve the S/N ratio of our data. This technique consists of deconvolving the observed spectra using a line mask. The line mask was computed using a Kurucz model atmosphere with solar abundances; effective temperature and logarithmic gravity (in cm s −2 ) are set to 6250 K and 4.0, respectively. The line mask includes the moderate to strong lines present in the optical domain (those featuring central depths larger than 40 % of the local continuum, before any macro turbulent or rotational broadening, about 4,000 lines throughout the whole spectral range) but excludes the strongest, broadest features, such as Balmer lines, whose Zeeman signature is strongly smeared out compared to those of narrow lines. The typical multiplex gain for the polarization profiles is between 25 and 30, implying noise levels in LSD polarization profiles as low as 20 parts per million (ppm).
Radial velocities of the star can be obtained by fitting the Stokes I profiles (unpolarized profiles) with a Gaussian to each profile. The values we obtain are in good agreement with the expectations (Fig. 1) , when using the orbital ephemeris of Catala et al. (2007) . All spectra are automatically corrected from spectral shifts resulting from instrumental effects (e.g. mechanical flexures, temperature or pressure variations) using telluric lines as a reference. Though not perfect, this procedure allows spectra to be secured with radial velocity (RV) precision of better than 30 m s −1 (Moutou et al. 2007; . All spectra are corrected from the orbital motion.
MAGNETIC MODELLING

Model description
We use Zeeman Doppler Imaging (hereafter ZDI) to get magnetic maps of τ Boo and an estimation of its differential rotation. ZDI is a tomographic imaging technique; it Table 1 . Journal of January 2008 observations obtained with ESPaDOnS. Columns 1-8 sequentially list the UT date, the heliocentric Julian date and UT time (both at mid-exposure), the complete exposure time, the peak signal to noise ratio (per 2.6 km s −1 velocity bin) of each observation (around 700 nm), the orbital cycle (using the ephemeris given by Eq. 1), the radial velocity (RV) associated with each exposure and the rms noise level (relative to the unpolarized continuum level Ic and per 1.8 km s −1 velocity bin) in the circular polarization profile produced by Least-Squares Deconvolution (LSD). consists of inverting series of Stokes V profiles into a map of the parent magnetic topology, i.e. both the location of magnetic spots and the orientation of the field lines. We use the most recent version of the code , which describes the field by its poloidal and toroidal components, both expressed in terms of spherical harmonic expansions. This has the advantage that both simple and complex magnetic topologies can be reconstructed. The energy of axisymmetric (l < m/2) and non-axisymmetric modes is easily calculated from the coefficients of the spherical harmonics. The surface of the star is decomposed into 50000 small cells of similar area. The procedure takes into account the contribution of each cell to the reconstructed profile. This is done by iteratively comparing the synthetic profile to the observed one, until they match within the error bars (i.e. reduced chi-square χ 2 r ∼ 1). Since the inversion problem is ill-posed, we use Maximum Entropy as a criterion that ensures a unique solution.
Date
The models we use for computing the local Stokes I and V profiles associated with each grid cell are quite simple. Stokes I is modelled by a Gaussian with a FWHM of 11 km s −1 , Stokes V is modelled assuming the weak field approximation, i.e. V ∝ gB los dI/dv where B los is the lineof-sight projected magnetic field at a selected point at the surface of the star and g is the mean landé factor (set to 1.2). The magnetic field detected on τ Boo (5-10 G, Catala et al. (2007), Donati et al. (2008) ) demonstrates that this approximation is valid. Figure 1 . Radial velocities of τ Boo derived from our Narval (red dots) and ESPaDOnS (green dots) spectra as a function of orbital phase, with their error bars (20 − 30 m s −1 ). The radial velocity model plotted here (blue full line) corresponds to our fit of the data, giving orbital solution compatible with those in the literature (Butler et al. 2006 ).
Magnetic maps
Given the projected equatorial velocity of τ Boo (ve sin i = 15.9 km s −1 ) and the FWHM of the local profile intensity of 11 km s −1 , there are ∼ 9 spatial resolution elements around the equator. In practice, the information added to the maps when considering a degree of spherical harmonics greater than 8 is of little significance; we therefore use lmax = 8. As in Catala et al. (2007) , the inclination angle of the rotation axis of the star with respect to the line-of-sight is assumed to be i = 40
• . Fitting the N (null) profiles (instead of Stokes V profiles) assuming no magnetic field at the surface of the star gives a χ 2 r level varying between 0.85 and 0.9 depending on the epoch (indicating that our error bars are slightly overestimated by about 5 %). We therefore fit all our Stokes V data to a level of χ 2 r = 0.9.
January 2008
The observed and reconstructed Stokes V profiles of January 2008 are shown in Fig. 2 (top panel) . The signatures vary strongly in shape and amplitudes over rotational phases (e.g. signatures of January 20 compared to those of January 22), which suggests a complex magnetic topology. Reconstructed profiles fit the observed ones within the error bars. The corresponding magnetic map is shown in Fig. 3 (second  column) .
τ Boo has a weak surface magnetic field of just a few Gauss, reaching a maximum strength at the surface of the star of about 5 to 10 G. The toroidal field dominates (contributing to 62 % of the total magnetic energy) in the form of a ring of mainly axisymmetric azimuthal field encircling the whole star. The radial poloidal field shows a more complex topology, with two regions of negative polarity at intermediate latitudes, and a positive one. None of those magnetic regions dominates the others, contrary to June 2007 (when the positive polarity contributes more than the negative polarity). Axisymmetric modes enclose 20 % of the poloidal field energy (see Table 3 ). Phase coverage is poor. Unlike in January 2008, the dominant component of the field is the poloidal one, enclosing 87 % of the total magnetic energy: the reconstructed map shows, for the radial field, three regions of positive polarity at low and intermediate latitudes and two dominant regions of negative polarity at intermediate and high latitudes. The absence of any reconstructed feature in the interval of phases 0.10 to 0.55 is an effect of the poor phase coverage at this epoch. For the poloidal field, axisymmetric and non-axisymmetric modes have almost the same contribution to the poloidal energy (∼ 33 %), while axisymmetric modes dominate the toroidal field (enclosing 68 % of the toroidal field energy).
June 2008
July 2008
The reconstructed profiles for July 2008 fit the observations at χ 2 r of 0.9 (see the right bottom panel of Fig. 2) . The data covers four rotation periods, and are well sampled over the rotational cycle. The reconstructed map shows a field of a few Gauss, mainly poloidal (91 % of the energy), with a weak toroidal component (right column of Fig. 3 ). The radial field shows a net negative polarity region around the pole, another one at low latitudes, and three positive regions at intermediate latitudes.
DIFFERENTIAL ROTATION
Method
To get an estimation of the differential rotation, we use the method described by Donati et al. (2003) and . We first consider that the rotation at the surface of the star follows :
where Ω(θ) and Ωeq are respectively the angular velocities at a latitude θ and at the equator, and dΩ is the difference in rotation rate between the pole and the equator.
When the star is differentially rotating, magnetic regions will produce spectral signatures that do not repeat identically from one rotation to another. Measuring the recurrence rate from magnetic regions located at various latitudes gives access to the amount of surface shear. For each pair of (Ωeq, dΩ), we reconstruct a magnetic image at a given information content. We then choose the pair of parameters that produces the best fit to the data and thus gives the smallest χ 2 r . In practice, when differential rotation is detected in the data, values of χ 2 r for all the reconstructed maps form a paraboloid, whose fit yields the optimum differential rotation parameters. Donati et al. (2008) applied this method on τ Boo and found Ωeq = 2.10 ± 0.04 rad d −1 and dΩ = 0.50 ± 0.12 rad d −1 as parameters of its differential rotation.
Results
For January 2008, our data covered about three rotations. The differential rotation parameters we find are Ωeq = 1.86 ± 0.02 rad d −1 and dΩ = −0.18 ± 0.07 rad d −1 , implying apparently an anti-solar differential rotation (very scarcely or never observed in F stars (Reiners 2007) ). The field for January 2008 is mainly toroidal, i.e. the component providing the strongest contribution to the energy is the azimuthal one; being mostly axisymmetric, this component does not carry much information about the differential rotation. We therefore decided to estimate the parameters of differential rotation using the radial field map only. The parameters we obtain for this second fit are Ωeq = 1.93 ± 0.02 rad d −1 and dΩ = 0.28 ± 0.10 rad d −1 , more compatible with the results of Donati et al. (2008) .
For June and July 2008, the paraboloids are well defined, giving approximately the same parameters for the differential rotation. Ωeq = 2.05 ± 0.04 rad d −1 and dΩ = 0.42 ± 0.10 rad d −1 for June 2008, and Ωeq = 2.12±0.12 rad d −1 and dΩ = 0.5 ± 0.15 rad d −1 for July 2008. It implies that τ Boo rotates in 3 d at the equator while in 3.9 d at the poles. The orbital period being 3.31 d, we infer that latitude ∼ 38
• is rotating synchronously with the planet orbital motion, in agreement with the results of Donati et al. (2008) .
ACTIVITY INDICATORS
We also studied the variation of the residual emission of various activity proxies (in particular, Hα, Ca II H & K). This is done for our three runs by calculating a mean profile (per spectral line) for all the spectra, subtracting it from each spectrum, and then calculating the equivalent width of the residual emission by fitting this residual with a Gaussian profile (we find that this procedure minimizes the error bar on the estimated flux). The signatures of the residual emission for the Ca II H & K are extremely small (smaller than 0.5 % of the unpolarized continuum). Thanks to the better quality of the spectra around 700 nm, Hα shows more accurate signatures. The activity variations show similar trends in Ca II H & K and Hα (see Fig. 4 ), a clear positive correlation is observed between both activity indicators.
τ Boo shows intrinsic variability during each night and a night-to-night variability. The clearest trend of January data is a long-term evolution over 10 days unrelated to either the rotational period or the orbital period. To investigate the period on which the activity varies, we fitted the activity residuals using a single sine wave. The fit for all the observed epochs is poor. A small enhancement is observed around the orbital phase 0.8, but it is not significant because of the high intrinsic variability of the star. This enhancement is no longer visible once the long term trend is removed.
DISCUSSION AND CONCLUSION
We observed τ Boo during three epochs in 2008: January, June and July and reconstructed the corresponding magnetic maps. A weak magnetic field (maximum intensity 5 -10 Gauss) is present at the surface of the star, whose configuration varies from epoch to epoch (i.e. on a time scale of months). As for June 2006 ) and June 2007 , the field shows a dominant poloidal component in June and July 2008, but it is predominantly toroidal in January 2008. Table 3 . The change in polarity is also observed for both azimuthal and meridional fields. The July 2008 map confirms this conclusion.
Our observation in January 2008 shows that the field has evolved compared to June 2007, but features no global polarity switch. This suggests that the magnetic cycle of τ Boo is about 2 years, much shorter than that of the Sun (∼ 22 years). Comparing June 2007 and January 2008 maps, the azimuthal field becomes stronger in the latter and the radial field weaker, showing a dephasing between the poloidal and toroidal fields, as for the Sun (Charbonneau 2005) .
To carry out a slightly more quantitative analysis, we calculated the (signed) magnetic flux for the radial and azimuthal components on the Northern hemisphere of the star. In the particular case of Br, the magnetic flux is counted positive for latitudes higher than 30
• and negative for latitudes between 0
• and 30
• to take into account the contribution of both dipolar and quadrupolar terms of the poloidal field. We fitted simultaneously the two fluxes with sine waves of equal period, the period being varied over a range of 100 -900 d. We find that the best fit is obtained at 800 d (2.2 years) (Fig. 5) and at 250 d (8 months); the 800 d minimum is broader and potentially more likely. This analysis also suggests that the toroidal field is shifted (by 18 % of the period of 250 d and 28 % of the period of 800 d) with respect to the poloidal field. A phase shift between the poloidal and toroidal components is also observed for the Sun (of 25 % of the cycle length, Charbonneau & MacGregor (1997) ; Jouve & Brun (2007) ). We can safely conclude that the cycle of τ Boo is at least 10 times shorter than that of the Sun. We caution that this result needs confirmation from additional data, e.g. obtaining a denser monitoring of the magnetic topology over several successive cycles. Figure 5 . Fluxes of the radial field (red) and azimuthal field (blue) vs HJD, calculated for the Northern hemisphere of the star. In the particular case of Br, the magnetic flux is counted positive for latitudes higher than 30 • and negative for latitudes between 0 • and 30 • to take into account the contribution of both dipolar and quadrupolar terms of the poloidal field. The best sinusoidal fit for P = 800 d is plotted (see text for more details), using the same colors.
We measured the differential rotation of the star for our three observed epochs. τ Boo has a strong one, the latitudinal angular rotation shear being dΩ = 0.46 ± 0.08 rad d −1 . Our results are in good agreement with Donati et al. (2008) . Catala et al. (2007) and Reiners (2006) found also similar results, using the Fourier Transform Method described by Reiners & Schmitt (2002) . τ Boo's equator rotates in 3 d, while its pole in 3.9 d. This means that a latitude at ∼ 40
• is synchronized with the planet. In contrast to the magnetic field, the differential rotation of τ Boo has not changed over two years of observations. This is similar to what is observed on the Sun. The average differential rotation calculated from 4 runs is dΩ = 0.43 ± 0.12 rad d −1 . We note that in January 2008 run, the differential rotation measured from the radial component only is slightly weaker than (though still compatible with) the average differential rotation.
We find that activity signatures in usual spectral indexes are very weak (0.5 per cent of the unpolarized continuum). The star shows variability during the night, and from one night to another. The night-to-night variability shows the same trend in Ca II H & K and Hα. We do not see a clear correlation of the residual emission with any sensible period. Our data does not allow us to detect potential activity enhancement due to the planet; such enhancement (if any) is smaller than the short and long term intrinsic variability that we see in the spectra.
τ Boo is nevertheless a good candidate to study SPI. This is the first star where a magnetic cycle is observed. The generation of the magnetic field of F-type stars is due to dynamo mechanisms, thought to be operating at the base of the convective envelope (the tachocline). τ Boo's observed magnetic cycle is accelerated compared to that of the Sun. Is it a result of the very shallow convection of τ Boo (Mconv = 0.5 M )? To answer this question, one has to compare this result to other studies on similar stars (hav-ing shallow convective envelope). Marsden et al. (2006) and Jeffers & Donati (2008) studied the magnetic field of the G0 star HD 171488, which also feature a shallow convective envelope and a strong level of differential rotation. They however did not notice any global changes in its magnetic field over two years; no magnetic polarity switch is observed over four years (Donati, private communication) which means that its magnetic cycle is longer than eight years. One difference between τ Boo and HD 171488 is that the former is orbited by a HJ. The presence of the HJ at small orbital distance may be responsible for the accelerated cycle of τ Boo, by synchronizing the outer convective envelope of the star (due to tidal interactions) and enhancing the shear at the tachocline. Such a scenario should however be studied in details. The synchronicity of the outer envelope and its decoupling with the stellar interior are still not well understood. Simulations of the effect of a perturbation due to the planet in the dynamo generation will be attempted; observing more F stars, with and without HJ, and studying their magnetic cycles would permit us to give constraints to the models and draw conclusions on the effect of the planet.
